Naturally ventilated geothermal foundation modeling  by Taurines, Kévin et al.
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL
doi: 10.1016/j.egypro.2015.11.621 
 Energy Procedia  78 ( 2015 )  237 – 242 
ScienceDirect
Nomenclature 
6th International Building Physics Conference, IBPC 2015 
 
Naturally ventilated geothermal foundation modeling 
Kévin Taurinesa, Stéphanie Giroux-Julienb, Christophe Ménézoc* 
aUniversity of Lyon, CETHIL UMR 5008, INSA Lyon, Villeurbanne 69621, France 
bUniversity of Lyon, CETHIL UMR 5008, Claude Bernard Lyon 1 University, Villeurbanne 69621, France 
cINSA / EDF Chair, “Habitat and Energy Innovations”, Villeurbanne 69621, France 
 
 
 
 
Abstract 
 
This work is concerning the modeling of a heat and mass transfer within a new kind of Canadian well, a geothermal foundation, 
and its coupling with a solar chimney. The foundation model is based on a 3D finite volume method. A long term simulation is 
necessary, aiming to precisely understand the behaviour of this combined system. Since this model requires high computational 
resources, we propose to use a domain decomposition technique and the balanced realization reduction method to speed up 
computational time. The studied case shows this system seems to be relevant to supply cold air to buildings during summer. 
© 2015 The Authors. Published by Elsevier Ltd. 
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A,B,C,H,J initial state matrix model ∈ ℳn (ℝ) (W. K-1) 
U solicitations vector ∈ ℝn 
w moisture ratio (kg vap.kg as-1) 
A albedo (-)  
C specific heat (J.kg-1.K-1) Subscript 
Cd 
CE 
coefficient of discharge (-) 
convective exchange on ground surface (W.m-2) 
air air in foundation 
amb ambient air 
Eƒ gross heat gain (kWh) i ground mesh considered 
G solar irradiation (W.m-2) in indoor 
g gravitational acceleration (m.s-2) ag chimney air gap 
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h 
l 
high (m) 
width (m) 
wall 
sc, out 
cavity wall in foundation 
solar chimney out 
L length (m) vap vapor 
LR long wave radiation on ground surface (W.m-2)   
ṁ 1at moisture flow (kg vap.s-1) Greek 
Psens 
SR
sensible heat exchanged between air and cavity (W) 
short wave radiation on ground surface (W.m-2) 
Δt 
ß 
step time (s) 
thermal conductivity (W.m-1.K-1) 
T ground temperature vector ∈ ℝn [°C] 8 solar chimney slope (rad) 
T temperature (K) q density (kg.m-3) 
V air velocity (m.s-1) Φ airflow (m3.s-1) 
1. Introduction 
Regarding nowadays energy constraints and thermal comfort threshold, the objective is on the  one  hand, to 
reduce energy consumption and on the other hand, to locally produce energy. This is possible by recovering energy 
from available surrounding resources through the six buildings walls thanks for example to building integrated solar 
and geothermal components. 
The motivation of this work is thus to study a system, which is a combination of hybrid ventilation and building 
integrated earth-to-air heat exchanger (EAHE). The hybrid ventilation consists in a mutualisation of the natural and 
mechanical strengths, through components like solar chimney. The complexity of natural flows in these systems is a 
full research subject, with experimental and numerical locks [1]. In a standard form, an EAHE consists in forcing 
outside air to circulate in a buried pipes network aiming at preheat or cooling air before injection into the building. 
These systems have also been widely studied, numerically [2,3] as experimentally [3,4]. An important point is that 
the numerical studies often face to trade-off between accurate modeling and moderate computational time. 
For these reasons, a coupling between a solar chimney and an innovating EAHE integrated into the building, 
namely a foundation, is considered here. This article endeavours to understand this complex system through to 
modeling and use of model reduction methods. From [5,6] it appears that balanced realization method (also called 
Moore method), linear aggregation method and domain decomposition are well adapted to reduce linear model 
while maintaining accuracy. In this first work the choice is to use both the domain decomposition and the Moore 
state order reduction method. The first part is devoted to introduce the geothermal foundation and the solar chimney 
model. The second part briefly exposed the reduction method employed, and analyse the results in terms of accuracy 
of the reduced model, computational gain, and the energy performance of the coupling. Finally,  the  main 
conclusions and perspective for further works are given in the last part. 
2. Geothermal foundation and solar chimney modeling 
2.1. Geothermal foundation modeling 
The geothermal foundation “FONDATHERM” is a prefabricated concrete foundation, with a cavity as illustrated 
in Figure 1 (a) that transforms it into a pipe able to draw air exactly in the same way that in the buried duct of a 
classical EAHE. As a consequence, in addition to its structural function, this foundation may also have a thermal 
function. The element modeled here is shown in Figure 2. The foundation, which supports a fictive building on the 
left hand side of the picture, is 20m long, with a 35cm width and 45cm height cavity. The upper boundary of this 
cavity is buried at 70cm depth. The model is based on finite volume method, with a Cartesian meshing quite well 
adapted to the geometry of the system. The piece of ground considered, which include the foundation, is 4.6m 
width, 20m long and 4m depth and consists of one sand upper layer of 50cm thickness which lies on a stone layer. 
Half the upper surface of the ground is exposed to environmental conditions, the other one with indoor air of the 
building (Figure 2). The floor at the interface between ground and indoor air consists of a concrete slab of 12cm 
thickness, and extruded polystyrene of 6cm thickness. The thermophysical properties of all the materials previously 
cited are presented in Table 1Table 1. 
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Figure 1 : Cross section of the foundation (a) and general view of product FONDATHERM (b) 
 
Table 1 : Thermal properties of materials 
Thermal conductivity 
[W.m-1.K-1] 
 
 
Density 
[kg.m-3] 
 
 
Specific heat 
[J.kg-1.K-1] 
Sand 0,27 800 1650 
Stone 0,4 700 2000 
Reinforced concrete 2 880 2430 
Polystyrene 0.03 30 1400 
 
The grid used in this case is the one shown in Figure 2: it is tightened close to foundation and the ground surface, 
aiming at take into account fast varying solicitations. In this zone, the characteristic size of a mesh is 9cm by 1m by 
10cm. Finally, the spatial discretization of the ground and the foundation implies the use of 12,360 meshes. Heat 
conduction in ground is treated in 3D. Five different boundaries conditions are used: 
x Vertical wall are supposed to be adiabatic; 
x A Dirichlet condition is imposed on the bottom. Its temperature is a periodic function of time as in [2]; 
x A Neumann condition is imposed on half the ground surface exposed to climate (Equation 1) : 
−ß &Ti  = CE − LR + SR (z  = 0) (1) 
i &z i i i i 
x The other half is submit to a Dirichlet condition: the imposed temperature is constant and equal to 20°C 
(indoor air temperature). 
x The cavity wall exchange sensible and latent heat with the circulating air as describe Equations 2 and 3. 
Psens,i 
Tair,i+1  = Tair,i − 
air + Crap wair,i ) ∙ qair,i 0air 
(2) 
wair,i+1 = wair,i + q 
ṁ 1at,i 
0 At (3) air,i  air 
Vapor flow ṁ 1at  = (wair − wwa11 ) ∙ 
Swallh 
¢air is obtained by Lewis approach. The simulation time step At is  equal 
to 1h for the following development. Solving of Equations 1 to 3 is done by iterative method. 
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Figure 2 : Meshing of elements modeled Figure 3 : Summary of sensible and latent exchanges in foundation 
2.2. Solar chimney modeling 
Heated along the solar chimney, an airflow is governed by the thermal buoyancy force. It affects the stack 
pressure of the system, which drives the ventilation airflow in the building, then through the earth-to-air heat 
exchanger. It enables to generate a natural airflow in the foundation, and consequently to reduce or to neutralize the 
electric consumption of the fan which traditionally induce the air draft. In this article, we suppose that when the 
draft  induced  by the  solar  chimney is  not  sufficient,  a mechanical  fan  is switch  on,  and imposed  an airflow of 
0.07 m3. s–1 i.e. an air change per hour of 1 for housing of 100 m² and 2.5m ceiling height. 
The modeled chimney is 4m long and the air gap is 3m width and 0.125m height, with a slope θ = 45°. Thermal 
modeling of this chimney relies on models developed in [1,7] and based on an electrical analogy which consider 1D 
heat flow perpendicular to air gap. The air flow is obtained by Equation 4 proposed in [8], where Tint = 20°C is 
indoor air temperature. 
2 
0air,mass  = Cdqairlag ℎag J2gLag sin(8) ∙ 
Tsc,out − Tin 
2Tin 
 
[kg. s–1] (4) 
3. Model reduction and performance analyses 
Heat conduction model in ground can be written as a linear system Equation 5. The high number of meshes of 
the present model (n = 12360), i.e. the high order of system (5), imply the use of state model reduction method. 
According to studies [5,6], the balanced realization method combined to the decomposition domain technique  seem 
to be relevant to highly reduce the order of numerical system with low error. Thanks to appropriate basis change, 
Moore method enables to construct r order system equivalent to (5) with r ≪n. There is a huge difference between 
the dynamical behavior in the zone close to the surface and the foundation, and the ground thermal mass far away. 
Moreover  the computation  stage of  numerical  basis  change  evolves  proportionally to  n3.  As a  consequence, the 
domain decomposition seems to be an interesting approach. For that reason, the combination of these two techniques 
is used to reduce the order of the system (5) and to solve the heat conduction problem. 
CṪ (t) = AT(t) + BU(t) 
{ 
Y(t) = HT(t) + JU(t) 
(5) 
The ground is decomposed in 3 domains: the first 30cm under the ground surface, the concrete foundation and 
the rest, which respectively represent 1760, 920 and 9680 meshes. The modeling is led on a whole year for Lyon 
city (France) climate (through Energy Plus Weather file) and for both the complete and the reduced with domain 
decomposition model (RDDM). The comparison between these model outputs has been done: Figure 4 represents 
the difference between air outlets of foundation in both cases. The agreement appears to be quite satisfactory: the 
maximum deviance is 0.021°C. Table 2Tableau 2 shows the computational gain of RDDM compared with the 
complete model. Initialization time corresponds to computational time to construct, eventually reduce and solve the 
system. Computational time is time to evaluate state of the system on whole the considered period. 
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Table 2 : Comparison of complete and RDD model performances 
 
 
Complete 
model 
Reduced model with 
domain 
 
 
 
 
Figure 4 : Discrepancy on foundation air outlet temperature 
between complete and RDD models 
Even if initialization time is higher for RDDM than for complete model, due to the multiple steps of the reduction 
techniques, there is a huge gain on computational time. Finally, the total computational time for the complete model 
is 3h28min and that for RDDM is 1h48min. Regarding the accuracy, this gain is quite interesting, but not sufficient 
for studies like parametric sensitivity analysis, which sometimes requires hundred of simulations. 
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Figure 5 : Evolution of outdoor air and foundation outlet air during two winter weeks (a) and two summer weeks (b) 
 
A focus on two winter weeks and two summer weeks is shown respectively on Figure 5 (a) and (b) for air 
temperature and fig (a) and (b) for airflow induced by solar chimney. In both cases (winter and summer), system 
seems to be efficient. Although air outlet temperature don’t reach thermal comfort level in winter, air is preheat by 
the foundation, with a maximum of 5.6°C (on the two winter weeks focused) when outdoor air temperature is very 
low. However, the air is cooled through foundation for some hours when ground in the vicinity of the foundation is 
too cold. A by-pass has to be set up to avoid a failure of performance. During the two summer weeks, air outlet 
temperature is most of the time under thermal comfort threshold (generally fixed at 26°C). Maximum cooling 
obtained is about 4.9°C. 
As expected, the solar chimney works well in summer time (Figure 6 (b)), and high airflow correspond to high 
outdoor air temperature, i.e. high-energy need for cooling. The coupling between the chimney and the foundation 
seems to be very efficient. On the contrary, the solar chimney can’t provide enough airflow for building ventilation 
during winter time (Figure 6 (a)); as a result, mechanical ventilation is required most of the time. If we simply 
evaluate gross heat gain by Equation 6, we have Eƒ = 59.8kWh which could be interesting. If we compare this 
result to the energy consumption of the fan, for which the required power is supposed to be 50W, corresponding to 
16.4kWh on the considered period, it appears that energy gain could be balanced by electric consumption of fan. 
Consequently, it seems to be necessary to perform the model developed here, in particular solar chimney model and 
coupling with a building model to provide accurate estimation of potential heat gain. 
tf 
Eƒ = ) At ∙ Cair ∙ 0air,mass ∙ (Tair (t) − Tamb (t)) (6) t=tO 
Tair(t)Š Tamb(t) 
decomposition 
Initialization time [s] 3551 5244 
Computational time [s] 8910 1277 
Nodes number 12360 1285+855+1687 
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Figure 6 : Airflow in foundation induced by solar chimney during two winter weeks (a) and two summer weeks (b) 
 
4. Conclusion 
 
A model of naturally ventilated foundation has been developed, reduced and coupled to a solar chimney model. 
The reduction method needs to be performed to speed up computational time. One possibility is to decompose the 
modeled domain while increasing the number of sub-domains. The results that have been obtained highlight the 
potential of the coupling to ensure good thermal conditions in summer: the maximum reduction of outdoor air 
temperature reaches 4.9°C, and the solar chimney is efficient to replace mechanical fan during day time. During 
winter time as the solar chimney doesn’t operates most of the time, an accurate sizing and energy management 
system are required in order to obtain energy gain. It has to be grounded on precise  foundation,  chimney and 
building models. As a consequence the moisture transfers in the soil, which highly impact ground conductivity, have 
to be taken into account. That will implies the development of non-linear model reduction method. Furthermore, the 
modeling of the energy integration of the system in the building, and the improvement of the solar chimney model is 
also necessary. 
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